Abstract. The purpose of this study was to test the hypothesis that cooperative interaction between cutaneous fatty acid-binding protein (C-FABP) and peroxisome proliferator-activated receptors (PPAR) promotes the malignant progression of human prostate cancer. The expression of C-FABP, PPARβ/δ and PPARγ was measured by western blot analysis in prostate cell lines and by immunohistochemical staining in tissue sections of benign prostatic hyperplasia (BPH) and prostatic carcinomas. The correlation between the expression of PPARs and C-FABP was assessed. The significance of increased expression of these proteins was analysed with respect to prognosis and compared with those of alternative biomarkers. The expression levels of C-FABP and PPARγ in prostate cancer cell lines and the cytoplasm and nuclei of carcinoma tissues were significantly (Student's t-test, p<0.05) higher compared to those in benign cell lines and BPH tissues. The raised expression level of C-FABP and PPARγ was significantly correlated with the increased combined Gleason scores (GS) of the carcinomas. Enhanced expression of cytoplasmic C-FABP significantly correlated with increased nuclear PPARγ (Student's t-test, p<0.005). While expression of PPARβ/δ in carcinomas did not correlate with patient outcome, the increased levels of both C-FABP and PPARγ were associated with shorter patient survival. Multivariate analysis indicated that C-FABP was independently associated with patient survival, whereas PPARγ was confounded by C-FABP in predicting patient survival. Thus, the increased C-FABP may interact with PPARγ in a coordinated mechanism to facilitate malignant progression in prostatic cancer.
Introduction
Prostate cancer is the most common male malignant disease and the second leading cause of male cancer death in developed countries (1) . Although current treatment strategies based on androgen ablation can produce very effective initial results, the majority of cases relapse in <2 years with a more aggressive hormone independent form (2) . Currently, there is no curative treatment for androgen-independent prostate cancer. Development of more effective treatment strategies, particularly for androgen-independent cancer, relies on understanding further the molecular mechanisms responsible for malignant progression. Thus, identification of cancer-related genes and understanding how these genes function inside cancer cells to promote or to suppress tumorigenicity are important initial steps for either better diagnosis or prognosis and for the identification of better therapeutic targets in the future.
The gene C-FABP, also named FABP5, PA-FABP and E-FABP, encodes a small cytosolic protein, initially identified in skin (3) . When the gene C-FABP was first discovered to be overexpressed in prostate cancer cells, it was demonstrated to induce metastasis when rat benign R37 model cells were transfected with its expression vector and transplanted into syngeneic rats (4, 5) . Forced expression of C-FABP in the weakly malignant prostate cancer cell line LNCaP, which did not express C-FABP prior to transfection, exhibited significantly increased tumorigenicity of gene-recipient cells both in vitro and in vivo (6) . Conversely, suppression of C-FABP expression in the highly malignant prostate cancer cell line PC3M reduced its tumorigenicity in vivo and in vivo (7) (8) (9) . However, molecular mechanisms involved in its cancer-promoting activity are not fully understood. Since an important activity of C-FABP is to bind and transport intracellular fatty acids into cells (3) , its cancer-promoting activity may be related to its fatty acid-binding function or to an alternative, hitherto undefined function. A precedent for such a proposition is found in several different roles of succinate dehydrogenase (10) . Not only are fatty acids important energy sources, they are also signalling molecules in their own right (11, 12 ) that may stimulate their nuclear receptor PPARs which are ligand specific transcription factors (13) . Thus it was hypothesized that the increased C-FABP may transport large amount of intracellular fatty acids into cancer cells to activate their nuclear peroxisome proliferative-activated receptors (PPARs) which may then activate the downstream cancer-promoting genes (6, 7) . PPARs are transcription factors that bind to DNA and regulate transcription in a ligand-dependent manner (14, 15) . PPARs consist of 3 main subtypes: PPARα (NR1C1), PPARβ (also called PPARδ, NUC1 and FAAR) and PPARγ (NR1C3). PPARα is highly expressed in tissues with a high rate of mitochondrial fatty acid oxidation, such as liver, muscle, heart, kidney and cells of arterial walls (16, 17) . PPARα regulates expression of the genes involved in lipoprotein metabolism and thus raises the level of apolipoprotein. PPARβ/δ is found in most tissues and is only weakly activated by fatty acids (18) . Recently, PPARβ/δ was shown to be expressed in cancers of many different organs, including lung, prostate, bladder, colon, breast, duodenum, thyroid and may play a key role in their carcinogenesis (19) . PPARγ which is highly expressed in adipose tissues is a critical regulator of adipocyte differentiation and is implicated in a variety of neoplastic processes (20) . PPARα is unlikely to be related to the biological activity of C-FABP, since it is not expressed in prostate (21) . Thus possible receptors receiving fatty acids delivered by C-FABP could be either PPARβ/δ or PPARγ, or both of them.
To identify how the proposed C-FABP-PPAR axis exerts cancer-promoting activity, we first assessed the expression of C-FABP, PPARβ/δ and PPARγ in a series of benign and malignant prostatic epithelial cell lines and in an archival set of well-characterised benign and malignant prostate tissues. The relationship between the increased expression of these three proteins and the grade of malignancy within the tissues and patient survival was assessed. The prognostic significance of these factors (individually and jointly) on patient outcome was analysed and compared with those factors currently in use.
Materials and methods
Cell lines and culture conditions. The following five human prostate epithelial cell lines were used in this study: benign prostate epithelial cell line PNT2 (22, 23) , weakly malignant cell line LNCaP (24), highly malignant cell lines DU145 (25), PC3 (26) and PC3M which was derived from the most malignant metastatic population of PC3 (27) . Cells were cultured and maintained in RPMI-1640 medium (Invitrogen, Paisley, UK) supplemented with 10% (v/v) FCS (Biosera, East Sussex, UK), penicillin (100 U/ml) and stereptomycin (100 µg/ ml) (Invitrogen). Sodium pyruvate (100 µg/ml) (Sigma, Grillingham, UK) was added into the culture medium of LNCaP cells.
Tissue samples and patient data. Human prostate tissues, the same as those used in our previous studies (28) (29) (30) (31) , were selected from an archival set with follow-up data held in Department of Molecular and Clinical Cancer Medicine (originally named Department of Pathology), University of Liverpool, UK. Patients who were originally diagnosed with prostate cancer, but who died from other causes were excluded. Tissues were taken from 35 benign prostatic hyperplasia (BPH) patients and from 97 prostate adenocarcinoma patients with an average age of 67. 5 and 73 years, respectively. All patients studied were treated by trans-urethral resection of the prostate (TURP) in the Royal Liverpool University Hospital between 1995 and 2001. Since all tissue samples were kept anonymously and most of the patients have passed away, our local NHS ethics committee waived the need for consent. This study was approved by the National Science Ethics Committee in accordance with the Medical Research Council guidelines (project reference number: Ke; 02/019). Specimens had been fixed in 10% (v/o) formalin and embedded in paraffin wax. Cut histological sections were examined independently by two qualified pathologists and classified as BPH and carcinomas and further classified according to their combined Gleason scores (GS) (32) .
Western blotting. Levels of C-FABP, PPARβ/δ and PPARγ in prostate cell lines was detected by western blot analysis using an ECL detection system (29, 33) . The blot was first incubated with a primary antibody, which was either anti-human C-FABP rabbit polyclonal antibody (Hycolt Biotech; HP-9030; 1:500 dilution), anti-PPARβ/δ rabbit polyclonal antibody (Thermo; A1-86845; 1:1,000 dilution) or anti-PPARγ rabbit polyclonal antibody (Santa Cruz; SC-7196; 1:100 dilution), then incubated with secondary antibody, swine anti-rabbit IgG (Dako; 1:10,000 dilution) conjugated with horseradish peroxidase. Antibody-bound proteins were visualized by exposure to Kodak XAR-5 film at room temperature. Sizes of the bands were quantified by measuring the intensity of peak areas using an Alpha Imager 2000 densitometer (Alpha Innotech, Cannock, UK). The same blots were incubated with anti-β-actin antibody to correct for possible loading discrepancies.
Histological and immunohistochemical staining. Histological sections (4-µm) were cut from formalin-fixed paraffinembedded tissues (29, 34) , incubated at 37˚C overnight, deparaffinised with xylene and stained with hematoxylin and eosin with an automated Varistain 24-4 machine (Thermo Scientific, USA). For immunohistochemical staining, tissue sections were deparaffinised and rehydrated in xylene and ethanol, respectively and then incubated in methanol and hydrogen peroxide (3% v/v) for 12 min before being washed (28) . Immunohistochemical staining was performed with the following commercial antibodies at the stated dilution: antirabbit polyclonal antibody against C-FABP (HP-9030, Hycolt Biotech, The Netherlands), 1:500; anti-goat polyclonal antibody against PPARβ/δ (SC-1987, Santa Cruz Biotechnology Inc.; Santa Cruz, CA, USA), 1:100; anti-goat polyclonal antibody against PPARγ (SC-1984, Santa Cruz Biotechnology Inc.), 1:50; and monoclonal anti-human antibody against androgen receptor (AR) (Dako Ltd., Ely, UK), 1:100. Sections were incubated with C-FABP antibody and AR antibody at room temperature for 1 h and with PPARβ/δ and PPARγ antibodies in a humid chamber at 4˚C overnight. Sections were then incubated with a rabbit anti-goat IgG linker (Vector Laboratories, Burlingame, CA, USA) for 30 min. Bound antibodies were detected by incubation with 200 µl of EnVision FLEX/HRP (Dakocytomation, Ely, UK) for 30 min and visualized with DAB (3-3'-diamonobenzidine) for 10 min. All sections were counterstained with hematoxylin and mounted with dibutyl phthalate xylene (DPX). One prostate cancer with GS 10, a benign colon tissue and an oral squamous epithelium were used as a positive control for C-FABP, PPARβ/δ, PPARγ antibodies, respectively.
Scoring immunoreactivity. Evaluation of C-FABP, AR, PPARβ/δ and PPARγ immunoreactivity was performed in high power fields (x400) using a standard light microscope. Cytoplasmic and nuclear immunoreactivities were independently reviewed by two separate observers. Cytoplasmic staining was classified into 4 categories according to the intensities: unstained, weakly, moderately and strongly stained which were expressed as 0 (-), 1 (+), 2 (++) and 3 (+++), respectively. Nuclear staining was first assessed by the number of stained nuclei to obtain a percentage score which was 1 (≤30), 2 (31-60), or 3 (≥61); then by the intensity of staining to obtain an intensity score which was 1 (+), 2 (++), or 3 (+++). The staining index or final scores for nuclear staining was obtained by multiplying the percentage score and intensity score. The final nuclear stains, which scored from 1 to 9, were further classified into 3 groups: weakly positive (1-3), moderately positive (4-6) and strongly positive (7-9), as described previously (35) . The differences in scoring categories between 2 observers were <5% of the samples. Statistical analysis. Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS), version 20 (SPSS Inc., Chicago, IL, USA). Correlation between PPARβ/δ and PPARγ, C-FABP and AR expression and the nature of prostate tissue (benign or malignant) were assessed by 2-sided Fisher's exact test and χ 2 analysis. Correlation between survival and expression of individual factors was plotted as KaplanMeier survival curves and significance of their difference was analysed by log-rank test. Cox's multiple regression was used for analysis of the effect of multiple factors on patient survival. In all statistical analyses, results were regarded as significant when p<0.05.
Results

Detection of PPARβ/δ, PPARγ and C-FABPin prostatic cell lines.
Western blots showed that a single PPARβ/δ band of 52 kDa was detected in benign PNT2 cells, weakly malignant LNCaP cells, and highly malignant PC3 and DU145 cells, but was barely detectable in the highly malignant PC3M cells (Fig. 1A) . A single PPARγ band of 57 kDa was detected in all 5 cell lines (Fig. 1C) . In contrast C-FABP expression was not detected in benign PNT2 and weakly malignant LNCaP cells, but a strong 15 kDa C-FABP band was detected in highly malignant cell lines DU145, PC3M and PC3 cells (Fig. 1E) . When the densitometric level of PPARβ/δ in PNT2 was set at 1 (Fig. 1B) , the level in weakly malignant LNCaP cells was 0.66±0.04; levels in highly malignant DU145, PC3M and PC3 cells were 1.57±0.15, 0.31±0.03 and 0.61±0.1, respectively. The changes in levels of PPARβ/δ did not appear to be related to changes in malignant characteristics. However, a very different pattern was observed in PPARγ levels in these cell lines. When the level of PPARγ in PNT2 was set at 1 (Fig. 1D) , the level in weakly malignant LNCaP cells was 0.74±0.09; levels in highly malignant DU145, PC3M and PC3 cells were 1.14±0.16, 2.73±0.28 and 3.66±0.23, respectively. Thus the level of PPARγ increased with increasing malignancy in these prostatic cells. A similar pattern of C-FABP expression was detected. When the level of C-FABP in PC3 was set at 1 (Fig. 1F) , levels expressed in other malignant PC3M and DU145 were reduced to 0.9±0.07 and 0.59±0.07, respectively. In contrast levels in the benign PNT2 and weakly malignant LNCaP cells were not detectable.
Detection of PPARβ/δ, PPARγ and C-FABP in prostate tissues.
Staining for PPARβ/δ in BPH and carcinomas was detected in both cytoplasm and nucleus (Fig. 2AD) (Table IA) . Among 32 stained BPH cases, 28 (88%) were stained weakly and 4 (12%) moderately positive in both cytoplasm and nucleus ( Fig. 2A) . Among 94 stained adenocarcinoma cases, both cytoplasmic and nuclear staining was observed. Cytoplasmic staining was weak in 32 (34%), moderate in 50 (53%) and strong in 12 (13%) cases and in the nucleus, staining was weak in 13 (14%), moderate in 65 (69%) and strong in 16 (17%) cases (Fig. 2B-D) . The levels of both cytoplasmic (χ 2 test, p<0.001) and nuclear (χ 2 test, p<0.001) staining for PPARβ/δ were significantly higher in carcinomas than those in BPH (Table IA) . Staining for PPARγ was detected in both cytoplasm and nucleus of cells in BPH and carcinoma tissues (Fig. 2E-H and Table IB ). In 32 analysed BPH samples, 31 (97%) stained weakly and 1 (3%) stained moderately in the cytoplasm; 30 (94%) stained weakly and 2 (6%) stained moderately in the nucleus (Fig. 2E) . Among a total of 90 stained carcinomas, 35 (39%) stained weakly, 45 (50%) stained moderately and 10 (11%) stained strongly in the cytoplasm; 12 (13%) stained weakly, 57 (63%) stained moderately and 21 (24%) stained strongly in the nucleus (Fig. 2F-H) . Staining for PPARγ in both cytoplasm (χ 2 test, p<0.001) and nucleus (χ 2 test, p<0.001) of carcinomas was significantly higher than those in BPH (Table IB) .
Immunohistochemical staining for C-FABP was observed in both cytoplasm and nucleus of BPH and carcinoma cells (Fig. 2I-L) (Table II) . Among 35 BPH cases, 33 (94%) were Table ΙΙ. C-FABP cytoplasmic and nuclear expression in benign and malignant prostate tissues.
Nuclear stain intensity and Cytoplasmic stain intensities percentage score unstained and 2 (6%) stained weakly in the cytoplasm. In the nucleus, 25 (71%) were unstained, 7 (20%) stained weakly, 5 (14%) stained moderately and 3 (8%) stained strongly (Fig. 2I) . Among 97 analysed adenocarcinomas, cytoplasmic and nuclear staining was observed in 94 (96%) and 88 (91%) of cases, respectively (Fig. 2J-L) . Cytoplasmic staining was weak in 23 (24%), moderate in 54 (56%) and strong in 17 (18%) cases. In the nucleus, 20 (21%) cases stained weakly, 32 (33%) moderately and 36 (37%) strongly. Intensities of both cytoplasmic (χ 2 test, p<0.001) and nuclear (χ 2 test, p<0.001) staining for C-FABP were significantly higher in carcinomas than those in BPH (Table II) .
Correlations between C-FABP, PPARβ/δ, PPARγ and GS.
When the relationship among the staining levels for PPARβ/δ, PPARγ and C-FABP in carcinomas was assessed, that increased levels of PPARβ/δ in both cytoplasm and nucleus were not significantly correlated with either staining for PPARγ or C-FABP (Fisher's exact test, p>0.05), although cytoplasmic staining for PPARβ/δ was significantly correlated with its nuclear levels (χ 2 test, p<0.001). The increased cytoplasmic level of PPARγ was positively correlated with that in the nucleus (χ 2 test, p<0.001), and similarly for staining for C-FABP (χ 2 test, p<0.05). While increased nuclear staining for C-FABP was significantly correlated with increased nuclear staining for PPARγ (Fisher's exact test, p<0.05), increased cytoplamic staining for C-FABP was not significantly correlated with cytoplasmic staining for PPARγ (χ 2 test, p>0.05). Interestingly, the increased cytoplasmic staining for C-FABP was significantly correlated with nuclear staining for PPARγ (Fisher's exact test, p<0.05), whereas the increased cytoplasmic staining for PPARγ was not significantly correlated with nuclear staining for C-FABP (χ 2 test, p>0.05). To correlate the staining for PPARβ/δ and GS, carcinomas were divided into low (≤5), moderate (6-7) and high (8-10) GS groups. Neither nuclear (χ 2 test, p>0.05) nor cytoplasmic (χ 2 test, p>0.05) staining for PPARβ/δ was significantly correlated with increased GS in these cases. When staining for PPARγ was assessed in a similar way, increased nuclear staining for PPARγ was significantly correlated with the increased GS of the carcinomas (Fisher's exact test, p= 0.05), but the correlation between its cytoplasm staining and the increased GS was not significant (Fisher's exact test, p>0.05). When correlation between staining for C-FABP and GS was assessed, increased cytoplasmic staining for C-FABP was significantly correlated with the increased GS of the carcinomas (χ 2 test, p<0.05), but the correlation between its increased nuclear staining and increased GS was not significant (χ 2 test, p>0.05).
PPARβ/δ, PPARγ, C-FABP and patient survival.
The level of PPARβ/δ, PPARγ or C-FABP and the duration of patients' overall survival time (the length of survival time from initial diagnosis) was plotted using Kaplan-Meier survival curves and the significance of the differences was assessed by log-rank test ( Fig. 3 ). For patients with a strongly positive nuclear staining for PPARβ/δ, the median survival time was 24 months (Fig. 3A) . Although this was shorter than 30 and 70 months which were the median survival times for moderately and weakly stained cases, respectively, correlation between the level of staining for nuclear and cytoplasmic (data not shown) PPARβ/δ and patient survival time was not significant (log-rank test p≥0.204). When the correlation between nuclear staining for PPARγ (Fig. 3B ) and patient survival was assessed, the median survival time for the patients with weak nuclear staining was 48 months, this was reduced to 36 months (log-rank test p= 0.422) and significantly reduced to 12 months (log-rank test p=0.035) for patients with moderate and strong staining, respectively. Overall, nuclear staining for PPARγ was significantly associated with patient survival (log-rank test p=0.044). For cytoplasmic staining for PPARγ, although the median survival time for the cases with low staining (48 months) was not significantly (log-rank test p= 0.995) different from those cases with moderate staining (48 months), it was significantly (log-rank test p=0.010) reduced to 12 months for cases with strong staining. Similar to nuclear staining for PPARγ, overall reduced survival time was significantly associated with the increased cytoplasmic staining for PPARγ (Fig. 3C ) (log-rank test, p=0.049). For the patients with both strong and moderate staining for cytoplasmic C-FABP, the median survival time was 24 months, this was significantly shorter than that of 80 months for patients with weak staining and those unstained (log-rank test, p=0.002) (Fig. 3D) . While increased cytoplasmic staining for C-FABP was significantly associated with a reduced patient survival time (log-rank test, p=0.027) (Fig. 3D) , no significant correlation between nuclear C-FABP levels and patient survival time was observed (data not shown).
Patient survival and Gleason scores, androgen receptor and
PSA. To assess the relationship between the GS and patient survival, 97 carcinoma cases were divided into three groups: weakly malignant with GS ≤5, moderately malignant with GS 6-7 and highly malignant with GS 8-10. The median survival time of patient with highly, moderately and weakly malignant carcinomas was 12, 60 and 80 months, respectively.
The increased GS was significantly (log-rank test p= 0.0001) associated with reduced survival time (Fig. 4A) . The correlation between patient survival time and staining for AR showed that the median survival time for patients with weak, moderate and strong staining was 60, 24 and 24 months, respectively. Overall survival time was not significantly reduced by the increased staining for AR (log-rank test, p= 0.052) (Fig. 4B) .
The correlation between patient survival and blood PSA showed that the median survival time for patients with low (<10 ng/ml) and high (≥10) levels of PSA was 48 and 18 months, respectively (Fig. 4C) but the difference was not statistically significant (log-rank test, p=0.246).
Inter-relationship of C-FABP and PPARγ in predicting patient survival.
To assess the possible effect of staining for C-FABP and PPARγ of both cytoplasm and nucleus in associated with patient survival, 90 carcinoma cases were divided into 4 groups: low C-FABP, low PPARγ; low C-FABP, high PPARγ; high C-FABP, low PPARγ; and high C-FABP, high PPARγ. For cytoplasmic C-FABP and nuclear PPARγ, KaplanMeier plot (Fig. 5A) show that the median survival time for patients with high C-FABP, high PPARγ or high C-FABP, low PPARγ levels (33 and 30 months, respectively) were significantly shorter than whose had low C-FABP, low PPARγ or low C-FABP, high PPARγ levels (60 and 72 months, respectively). Similar results were obtained when dividing up the carcinomas into cytoplasmic staining for C-FABP and cytoplasmic staining for PPARγ. Kaplan-Meier plot (Fig. 5B) show that the median survival time for the patient with high C-FABP, high PPARγ or high C-FABP, low PPARγ levels (31 and 39 months, respectively) were significantly shorter than whose had low C-FABP, low PPARγ or low C-FABP, high PPARγ levels (64 and 60 months, respectively). When subjected to Cox's multivariate regression analysis (Table III) , staining for cytoplasmic C-FABP still showed a significant association with patient survival (p= 0.048), but increased staining for PPARγ in the nucleus was not significantly independently associated with clinical survival (p= 0.143). Similar results were obtained when analysing cytoplasmic staining for C-FABP and cytoplasmic staining for PPARγ in relation to patient low group, or AR index 1-3 (n=41); moderate group, or AR index 4-6 (n=50) and high group, or AR index 6-9 (n=11). (C) Different levels of PSA: group 1, PSA<10 ng/ml (n=38) and group 2, PSA≥10 ng/ml (n=64).
survival (p= 0.362). Overall these results show that the significant association of staining for PPARγ with patient survival was confounded by that for staining for C-FABP when tested together. These results suggest that although staining for cytoplasmic C-FABP can be considered as an independent prognostic marker in prostate cancer that for nuclear staining for PPARγ is dependent on staining for cytoplasmic C-FABP. When nuclear staining of C-FABP and nuclear staining of PPARγ was analysed (data not shown), high level of C-FABP and high level of PPARγ was not significantly associated with shorter survival of the patients (log-rank test, p= 0.195).
Discussion
C-FABP is a 15-kDa cytosolic protein that belongs to the fatty acid binding protein family (3) and binds to long chain fatty acids with high affinity. In addition to skin, C-FABP is detected in endothelial cells of placenta, heart, skeletal muscle, small intestine, renal medulla and in Clara and goblet cells of lung (36) . Apart from prostate cancer, C-FABP has been implicated in malignancies of bladder and pancreas (37) (38) (39) and its expression is associated with poor survival in breast cancer (40) and glioblastoma (41) . Thus it is possible that large amount of fatty acids transported by elevated levels of C-FABP may generate enhanced signals through their PPAR receptors to cause a chain of molecular events leading to increased activities of cancer-promoting genes and thereby enhance malignant progression (6, 42) . There are three nuclear PPARs (PPARα, PPARβ/δ and PPARγ) that could act as fatty acid receptors (42) . Since PPARα is not expressed in prostate (18, 21) , it is unlikely to be involved with C-FABP in prostate cancer. Although our data showed that PPARβ/δ is expressed in cultured prostate cells, its level was not demonstrably different between benign and malignant cell lines. However, expression of PPARβ/δ in tissue samples appeared to be different from that in the cell lines. While staining for PPARβ/δ was detected in BPH and carcinoma cases, levels detected in malignant tissues were significantly higher than those in BPH (Table IA) . These results suggest that expression of PPARβ/δ in cultured cell lines measured by western blot analysis may not reflect the levels in human tissues measured by immunohistochemical staining. However, increased nuclear staining for PPARβ/δ was not significantly correlated with increased cytoplasmic staining for C-FABP, indicating that elevated PPARβ/δ may not be directly related to C-FABP and hence fatty acid stimulation in prostate cancer cells.
In contrast to the other PPARs, the levels for PPARγ, its patterns of expression in cell lines measured by western blot analysis and in tissues measured by immunohistochemistry were very similar to those of C-FABP. Thus the levels of C-FABP and PPARγ in malignant cells were significantly higher than those in benign PNT2 cells and elevated levels of PPARγ and C-FABP were associated with increasing malignancy of the prostatic cancer cells (Fig. 1C and E) . Similarly in immunohistochemical analysis, the staining levels for PPARγ and C-FABP were significantly higher in carcinomas than in BPH and the enhanced staining levels in the carcinomas were significantly associated with GS (χ 2 test, p<0.001). Furthermore, increased cytoplasmic staining for C-FABP was significantly correlated with increased nuclear staining for PPARγ in the carcinomas. These findings are in line with our separate work, in which we found that C-FABP acted with PPARγ in a coordinated manner to promote malignant progression in prostatic cancer cells (6) and hence, PPARγ is more likely to be the receptor for the fatty acids transported by C-FABP than PPARβ/δ. PPARγ and PPARγ ligands inhibit growth and produce terminal differentiation of the human tumor cells (43) . PPARγ expression is significant in predicting the outcome of breast carcinomas and is correlated with ER-α status (44, 45) . PPARγ was found to induce VEGF in colorectal tumor cells (46, 47) . Thus it was suggested that C-FABP, together with fatty acids, PPARγ and VEGF should be considered as key factors in a proposed fatty acid signaling pathway that promotes metastasis of prostatic cancer cells (6, 11) . Therefore, the C-FABP-PPARγ axis may be a novel therapeutic target for prostatic cancer.
In prostate cancer management, a major problem is the lack of reliable biomarkers to predict the aggressiveness or potential therapeutic response of an individual prostate cancer. Results in this work suggested that AR (Fig. 4B) and PSA (Fig. 4C) are not significant prognostic markers in our patient group although the number of patients is relatively small. It is also suggested that PSA, the most commonly employed biomarker cannot be used to predict patient outcomes, as previously suggested to be unreliable (48) . Our current data show that increased levels of nuclear PPARγ and cytoplasmic C-FABP (Tables IB and II) are significantly correlated with GS (Fisher's exact test, p<0.05) and significantly associated with reduced survival time (log-rank test, p<0.05). These findings suggest that increased levels of nuclear PPARγ and cytoplasmic C-FABP may be alternative objective biomarkers for reduced cellular differentiation (GS), as well as reliable prognostic factors to predict patient survival. Multivariate survival analysis revealed that conjoined cytoplasmic C-FABP and nuclear PPARγ expression may, together, have better prognostic value than when these parameters are used separately. In contrast, no correlation was found between cytoplasmic or nuclear levels of PPARβ/δ and patient survival (Fig. 3A) . Increased levels of PPARβ/δ were not significantly associated with increased Gleason scores (Fisher's exact test, p>0.05). Therefore, PPARβ/δ was not considered a suitable biomarker to assess the degree of malignancy of a prostate cancer or a marker that would predict patient outcome.
Our results also showed that the level of staining for PPARγ in the cytoplasm was also increased. Although this increase was not correlated with an increased GS, it was significantly associated with a shorter survival time of patients. While the increase of C-FABP in the cytoplasm is significantly associated with GS or patient survival, the increased nuclear C-FABP is not significantly associated with either factor. This suggests that transporting fatty acids to PPARγ through C-FABP may be a short delivery process, after which C-FABP may return to the cytoplasm, rather than staying on the nuclear membrane. More study is therefore needed to find out exactly how the fatty acids are delivered to PPARγ by C-FABP.
As a steroid hormone receptor, activated PPARγ should be theoretically localized in the nuclear membrane. However, many previous studies revealed that the cellular distribution of PPARγ was predominantly cytoplasmic in a number of cancer types (49) (50) (51) (52) . The reason for the cytoplasmic staining for PPARγ is not known and current opinions on this are inconsistent (53, 54) . In line with a previous study (55) , results in this work showed that the level of PPARγ expressed in the cytoplasm of prostatic carcinoma cells is significantly higher than that in BPH. Furthermore, for cytoplasmic staining, the median survival times for patients with high PPARγ plus low C-FABP, or high C-FABP plus high PPARγ levels were significantly shorter than those who had low C-FABP plus low PPARγ or low C-FABP plus high PPARγ levels (Fig. 5A ). More study is needed to understand the biological significance of the increase in cytoplasmic PPARγ and its interaction with C-FABP in prostate cancer cells.
This study has extended our previous work to show that co-operation between C-FABP and PPARγ may provide a novel mechanism responsible, in part, for promoting the malignant behavior of human prostate cancer cells and thus supporting our original hypothesis (6, 8, 56) . Such a mechanism would provide a novel opportunity for developing new therapeutic approaches to regulate the malignant phenotype and to switch prostatic cancer cells from an aggressive to indolent behavior, as previously proposed (57, 58) .
